INTRODUCTION
============

Helicases are widely distributed in nature and are involved in every biological processes involving nucleic acids ([@B1],[@B2]). They are responsible for the separation of complementary strands of duplex DNA or RNA molecules that appear during replication, recombination, transcription, splicing, editing and translation ([@B3],[@B4]). Helicases use the energy derived from the hydrolysis of nucleoside 5′-triphosphates (NTPs) to separate complementary strands, and many different models have been proposed to explain how the NTPase and unwinding activities are coupled ([@B5; @B6; @B7; @B8; @B9]). Helicases have been divided into distinct subfamilies based upon sequence comparisons and conserved motifs. Extensive sequence analyses of helicases from various organisms have revealed a series of short, conserved amino acids motifs ([@B10]). Although these motifs are not common to all helicases, they harbor the amino acid residues that are essential for ATP hydrolysis (motifs I, II, VI and Q), nucleic-acid binding (motifs Ia, Ib, IV and V), and for coupling ATP hydrolysis to strand separation (motif III). Crystallographic studies of various helicases have shown that the conserved motifs are clustered together in the 3D structure of helicases to form the NTP-binding pocket ([@B11; @B12; @B13; @B14; @B15]).

Helicases have now been found in many viral families ([@B16],[@B17]). Their importance for the replication of viruses has been highlighted by numerous studies, thereby underscoring their importance for the development of anti-viral drugs ([@B18],[@B19]). The West Nile virus (WNV) RNA helicase activity is catalyzed by the non-structural 3 (NS3) protein ([@B19; @B20; @B21; @B22; @B23]), which also harbors the catalytic site for the serine protease activity involved during the proteolytic processing of the viral polyprotein precursor. WNV is a member of the *Flaviviridae* family which consists of three genera (hepacivirus, pestivirus and flavivirus) encompassing important human pathogens ([@B24]). For instance, the hepatitis C virus (HCV) currently infects more than 170 million people worldwide ([@B25]), while flaviviruses are also responsible for some of the most important examples of emerging diseases, exemplified by the increasing prevalence of Dengue virus (DENV) in the tropical and subtropical areas of the world, the emergence of West Nile virus (WNV) in North America, and the spread of Japanese encephalitis virus (JEV) through much of Asia ([@B26]).

The NS3 protein of *Flaviviridae* has been extensively characterized both mechanistically and structurally. Analysis of the crystal structure of the helicase domains from HCV, DENV and JEV revealed that it is composed of three structural domains ([@B14],[@B27],[@B28]). Domains 1 and 2 are interacting in the 3D structure to form the NTP hydrolyzing engine capable of providing the energy for unwinding, while domain 3 differs most between the different helicases, and is likely involved in the binding to specific protein partners ([@B27],[@B29],[@B30]). The NS3 protein likely operates by switching between different structural conformations, as evidenced from the various conformational states that are observed in crystallographic studies. Analysis of the various crystal structures suggest that a tunnel that runs across the interface between domain III and the tip of domains I and II could accommodate a single-stranded nucleic acid along which the enzyme could translocate, following interdomain motions triggered by the hydrolysis of NTPs ([@B27],[@B29]).

Biochemical studies have demonstrated that most RNA helicases have a distinct preference for ATP ([@B31]). The presence of a glutamine residue (in the Q-motif), which coordinates the N6 and N7 positions of adenine, as well as the presence of a hydrophobic stacking interaction on the adenine base, is a common theme in many RNA helicases ([@B32],[@B33]). Surprisingly, structural analyses of the NS3 protein from *Flaviviridae* bound to nucleotides indicate that both the base and ribose moieties of the ATP substrate are exposed to the solvent ([@B14],[@B27],[@B28]). The triphosphate moiety is the only component of the ATP molecule that interacts strongly with the enzyme, being buried between domains I and II ([@B14],[@B27],[@B28]). The phosphates are coordinated by four amino acids, either through direct or water-mediated contacts, while the 3′-OH group of the ribose is hydrogen bonded by two amino acids ([@B28]). The importance of the 2′- and 3′-OH groups for hydrolysis has also been demonstrated through the use of modified NTPs harboring modified sugars ([@B34]). Close inspection of the Dengue virus NS3 protein bound to a non-hydrolyzable ATP substrate indicates that the ε-amino group of a lysine residue forms a hydrogen-bond with the adenine N7 atom, suggesting that the flaviviral helicase would indiscriminately cleave NTPs ([@B28]). However, numerous studies have reported a preference of the NS3 protein for certain NTPs ([@B35; @B36; @B37; @B38]). Moreover, a recent study demonstrated that an ATP analog harboring a methyl group at the N1 position (N1-methyl ATP) weakly supports the unwinding activity of the HCV helicase ([@B34]), thereby raising the likelihood of an interaction between the enzyme and the adenine base moiety.

The NS3 protein is one of the most promising targets for drug development against viruses of the *Flaviviridae* family since it plays such a crucial role in viral replication. Numerous biochemical and structural studies are currently focusing on the NS3 protein of both HCV and DENV. In contrast, analyses of the WNV NS3 protein have been rather limited despite the growing distribution and epidemic character of the virus. Interestingly, mounting evidences indicate that significant structural and mechanistic differences exist between the corresponding proteins of the *Flaviviridae* family ([@B39]). In the present study, we used a panel of nucleotide analogs to explore both the nature of the nucleotide-binding pocket and the specificity of NTP hydrolysis by the WNV NS3 protein. We also applied structural modeling to understand the binding of ATP to the enzyme, and we generated a series of mutants to identify the amino-acid residues that might contribute to the bias towards ATP. Our study highlights the importance of specific functional groups for the binding of the purine substrate, and reveals the complexity of the active site.

MATERIALS AND METHODS
=====================

NS3 expression and purification
-------------------------------

A truncated version of the WNV NS3 protein (amino acids 168--618) lacking the N-terminal protease domain was expressed and purified as described before ([@B40]).

ATPase assays
-------------

The standard ATPase reaction was performed in reaction mixtures (20 µl) containing 50 mM Tris--HCl, pH 7.5, 5 mM DTT, 1 mM MgCl~2~, 100 nM of the purified WNV NS3 protein, and different concentrations of \[γ-^32^P\]ATP. The reactions were incubated for 15 min at 37°C. The reactions were quenched by the addition of 5 µl of 5 M formic acid. Aliquots of the reactions were spotted on polyethyleneimine-cellulose thin-layer chromatography plates. The plates were developed in a solution of 1 M formic acid and 0.5 M LiCl and the released inorganic phosphate was quantitated by scanning the plates with a PhosphorImager (Molecular Dynamics). The average of at least two single independent experiments is presented.

The inhibition of the ATPase reaction by various nucleotide analogs was evaluated by performing the standard ATPase assay in the presence of increasing concentrations of nucleotide analogs. The catalytic activity was assayed a minimum of three times independently in the presence of a range of inhibitor concentrations (ranging from 0 to 12 mM) with 50 μM ATP as substrate. The *K*~i~ values were determined using the following equation: where \[*S*\] represents the concentration of ATP in the reaction mixture.

Phosphohydrolysis of GTP and nucleotide analogs
-----------------------------------------------

Nucleotide analogs were obtained from Jena Bioscience (Germany) and TriLink BioTechnologies (San Diego, USA). The reaction mixtures (20 µl) containing 50 mM Tris--HCl, pH 7.5, 5 mM DTT, 1 mM MgCl~2~, 100 nM of the WNV NS3 protein, and various concentrations of nucleotide analogs or GTP. The reactions were incubated for 15 min at 37°C, and quenched by the addition of 400 µl of malachite green reagent (BIOMOL Research Laboratories). Released inorganic phosphate was measured spectrophotometrically by monitoring the *A*~620~. The values were extrapolated to a standard curve for phosphate. Background levels of contaminating phosphate were subtracted in all cases. As a control, the ATPase reaction was also quantified spectrophotometrically and yielded similar results as previously observed using radiolabeled ATP as a substrate.

Homology modeling
=================

The crystal structure of the Dengue virus NS3 helicase domain (amino acids 180--618) bound to the non-hydrolyzable ATP analog AMPPNP was used as a template to model the WNV NS3 helicase domain ([@B28]). The atomic coordinates were obtained from the Protein Data Bank file 2JLR, representing the crystal structure of the complex between the Dengue virus NS3 helicase domain, manganese and AMPPNP. The predicted 3D structure of the WNV NS3 active site was generated using the Deep View program ([@B41]).

RESULTS
=======

Homology modeling
-----------------

Although important structural information is derived from the currently available crystal structures of the NS3 protein of the *Flaviviridae* ([@B14],[@B27],[@B28]), the specificity of these enzymes for particular NTPs cannot yet be explained on the basis of the interaction between the enzyme and the base moiety of the NTP substrate. Under the standard steady-state conditions used in the current study, the purified WNV NS3 protein displays a ∼2-fold higher phosphohydrolase activity in the presence of ATP than with GTP ([Table 1](#T1){ref-type="table"}). Since crystal structures of the WNV NS3 protein are not currently available, we set out to generate a 3D model of the protein active site in order to understand the preference of the enzyme for ATP. The closely related NS3 protein from Dengue virus (DENV), which shares 80% sequence homology with the corresponding WNV enzyme, bound to a non-hydrolyzable ATP analog (AMPPNP) was used as a template. The structural model provides instructive findings on the interaction between specific residues and the nucleotide substrate ([Figure 1](#F1){ref-type="fig"}A). As reported for the DENV NS3 crystal ([@B28]), a large solvent exposition of the base moiety of the substrate is observed in the structural model of the WNV NS3 protein. The triphosphate moiety of AMPPNP is stabilized by contacts with the side chains of Lys-200, Thr-201, Glu-286, Arg-461 and Arg-464, and with the main chain amide nitrogen of both Lys-200 and Arg-202, while the 3′-OH group of the ribose is hydrogen bonded with the main chain carbonyl oxygen of Arg-464 and the side chain amide group of Asn-330 ([Figure 1](#F1){ref-type="fig"}B). As previously reported for the DENV NS3 protein ([@B28]), the interaction of the WNV NS3 protein with the ATP substrate also involves a contact between a basic amino acid (Arg-202) and the N-7 atom of the adenine base ([Figure 1](#F1){ref-type="fig"}B and C). However, closer examination of the homology model reveals the presence of numerous additional amino acids (Tyr-395, Lys-399, Asn-417 and Lys-419) that are in the vicinity of the base moiety of the ATP substrate ([Figure 1](#F1){ref-type="fig"}C). Although most of these residues are probably too far removed to directly interact with the substrate, we hypothesize that they could potentially be important for nucleotide selection by providing a steric gate. Table 1.Inhibition of the ATPase activity by nucleotide analogsMoleculeIC~50~ (mM)*K*~i~ (mM)Phosphohydrolase specific activity (relative to ATP)[^a^](#TF2){ref-type="table-fn"}ATP0.40.31.00GTP11.08.10.49 ± 0.11(P~2~) 2′,3′ddATP0.80.60.53 ± 0.10(P~3~) 2′-dATP0.90.60.62 ± 0.12(P~4~) 2′F,2′dATP0.50.40.63 ± 0.12(P~5~) ara-ATP0.70.50.18 ± 0.05(P~6~) 3′-dATP0.70.50.60 ± 0.11(P~7~) N1-methyl-ATP2.01.50.66 ± 0.05(P~8~) 2-amino-ATP0.30.21.03 ± 0.15(P~9~) 2-hydroxy-ATP3.32.40.40 ± 0.11(P~10~) N6-methyl-ATP0.70.50.43 ± 0.07(P~11~) ITP1.20.90.49 ± 0.03(P~12~) 6-mercaptopurine-RTP1.10.81.22 ± 0.23(P~14~) 6-methyl-thio-ITP0.80.60.16 ± 0.09(P~15~) 8-bromo-ATP0.90.71.24 ± 0.19(P~16~) 2′,3′ddGTP0.50.30.28 ± 0.05(P~17~) 2′dGTP\>3.53.40.39 ± 0.07(P~18~) 2′F,2′dGTP\>3.5\>2.60.22 ± 0.04(P~19~) 2′-O-methyl-GTP\>3.5\>2.60.24 ± 0.05(P~20~) 2′-deoxy-[l]{.smallcaps}-GTP1.81.30.11 ± 0.02(P~21~) 3′dGTP\>3.5\>2.60.12 ± 0.02(P~22~) 3′-O-methyl-GTP\>3.5\>2.60.35 ± 0.07(P~23~) N1-methyl-GTP3.52.60.49 ± 0.04(P~24~) XTP\>3.5\>2.60.40 ± 0.09(P~25~) 2-amino-6-choloro-purine RTP2.72.00.33 ± 0.09(P~26~) 6-thio-GTPN.D.N.D.0.93 ± 0.17(P~27~) 6-methyl-thio-GTP\>3.5\>2.60.40 ± 0.08(P~28~) O6-methyl-GTP\>3.5\>2.60.17 ± 0.03(P~29~) m7-GTP1.41.00.14 ± 0.02(P~31~) 8-bromo-GTP\>3.5\>2.60.19 ± 0.04(P~32~) 8-iodo-GTP\>3.5\>2.60.54 ± 0.07(P~33~) Ribavirin triphosphate3.12.30.36 ± 0.05[^1][^2] Figure 1.Homology model of the WNV RNA helicase active site. (**A**) Structural model of the WNV RNA helicase bound to a non-hydrolyzable ATP analog AMPPNP. The model was generated with the Deep View program using the crystal structure of the Dengue virus NS3 helicase domain bound to AMPPNP as a template (PDB code: 2JLR). The positions of the three helicase domains are indicated. (**B** and **C**) Two close-up views of the WNV NS3 active site are also shown, with emphasis on the residues in the vicinity of the AMPPNP adenine and ribose moieties.

Nucleotide analogs to probe the nucleotide specificity
------------------------------------------------------

In order to experimentally confirm the homology model and to gain knowledge on how the WNV NS3 protein discriminates between ATP and other nucleotides, we used an extensive collection of nucleotide analogs to monitor their effects on the reaction chemistry. The nucleotide analogs used in the current study displayed numerous modifications both on the ribose and base moieties of the nucleotides ([Figure 2](#F2){ref-type="fig"}A and B). The modifications ranged from relatively minor (modification of a single functional group) to severe (modification of multiple functional groups). Both ATP and GTP analogs were analyzed in order to investigate the specificity of the enzyme for nucleotides. ATP analogs were specifically chosen to investigate the importance of specific functional groups required for efficient hydrolysis, while a variety of GTP analogs were used to monitor if the addition and/or modification of specific functional groups on the molecule could result in an increase of the phosphohydrolase activity. Figure 2.Nucleotide analogs used to probe the active site of WNV NS3 helicase. Structure of the nucleotide analogs used in the current study. The ATP (**A**) and GTP (**B**) analogs harbor numerous modifications both on the ribose and base moieties of nucleotides.

ATP analogs
-----------

We initially monitored the ability of 13 analogs of ATP to inhibit the ATPase activity of the WNV NS3 protein by evaluating both the IC~50~ and *K*~i~ values for each molecule. An important number of ATP analogs had the ability to inhibit the ATPase reaction, albeit to different extents, as reflected by the apparent IC~50~ and *K*~i~ values ([Table 1](#T1){ref-type="table"}). All the ATP analogs used in the current study were competitive inhibitors of the ATPase reaction indicating that they bind to the active site of the enzyme. Typical examples using analogs P~8~ (2-amino-ATP) and P~14~ (6-methyl-thio-ITP) are shown in [Figure 3](#F3){ref-type="fig"}. In order to gain additional information on the discrimination between ATP and other nucleotides, we also determined the ability of the various ATP analogs to be hydrolyzed by the enzyme. The WNV NS3 protein catalyzed the phosphohydrolysis of all the ATP analogs tested in the current study with specific activity ranging from 0.16 to 1.24 times the hydrolysis of ATP ([Table 1](#T1){ref-type="table"}), thereby underscoring the high structural flexibility of the active site. Figure 3.Inhibition of the phosphohydrolase activity by 6-methyl-thio-ITP. (**A**) Dose-response inhibition of the ATPase activity by 2-amino-ATP (P~8~). (**B**) Competitive inhibition of the ATPase reaction by 6-methyl-thio-ITP (P~14~). The ATPase activity was evaluated in the absence (filled square) or presence of 0.5 (filled triangle) or 1 mM (filled circle) of P~14~. Each value represents the average of at least three independent experiments. Error bars represent the S.D. of the mean values.

Our study indicates that the ATPase active center can accommodate ATP analogs displaying a number of unusual chemical modifications. The analogs harboring chemical modifications on the adenine base of the ATP molecule ([Figure 2](#F2){ref-type="fig"}A) helped to illuminate the flexibility of the ATPase active site. The 6-amino group of the adenine ring particularly appears important for ATP recognition/alignment/hydrolysis since it possesses both hydrogen bond donor and acceptor capacities. We initially suspected that the ability of this amino group (which is substituted by a 6-oxo group in GTP) to act as a hydrogen bond donor might be a key determinant promoting the catalytic usage of ATP over GTP. The phosphohydrolysis activity of four ATP analogs harboring chemical modifications at this position (P~10~, P~11~, P~12~ and P~14~) provided clues on the importance of this functional group. We observed that the absence of a hydrogen bond donor at this position considerably decreased the ability of analogs P~11~ (ITP) and P~14~ (6-methyl-thio ITP) to be hydrolyzed by the enzyme ([Table 1](#T1){ref-type="table"}). In contrast, substitution of the 6-amino group of ATP by a thiol group (P~12~, 6-thio ATP), which is a moderately good hydrogen bond donor ([@B42]), resulted in an efficient hydrolysis of the molecule ([Table 1](#T1){ref-type="table"}). We concluded that the presence of a functional group which can display hydrogen bond donor properties is critical at the C6 position of adenine. However, we observed that the hydrolysis of the P~10~ analog (N6-methyl ATP), which still displays hydrogen bond donor/acceptor properties, was significantly reduced in comparison to ATP ([Table 1](#T1){ref-type="table"}). We hypothesized that the addition of the bulkier methyl group at position 6 weakens the ability of the substrate to be hydrolyzed through steric hindrance. To further investigate this possibility, we generated a series of mutants based on amino acids located in the vicinity of the N6 position of ATP. Close inspection of the generated model of the WNV NS3 protein active site suggests that four amino acids are located in proximity to the N6 atom ([Figure 1](#F1){ref-type="fig"}C). These are Arg-202, Tyr-395, Lys-399 and Asn-417, which appear just too far removed to hydrogen-bond with the 6-amino group of ATP, but might potentially interfere with the larger substituent displayed by the P~10~ analog. The importance of these amino acids was therefore investigated by generating four distinct enzymatic mutants. Arg-202, Tyr-395, Lys-399 and Asn-417 were individually substituted by alanine, and the mutant polypeptides were expressed and purified in parallel with the wild-type enzyme. SDS--polyacrylamide gel electrophoresis analysis showed that the different mutants were expressed at similar levels as the wild-type enzyme ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)). It should be noted that the R202A, Y395A, K399A and N417A mutations elicited a significant decrease in the ATPase activity ([Figure 4](#F4){ref-type="fig"}A, [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1) and [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)), thereby highlighting an important role of these amino acids in the reaction catalyzed by the WNV NS3 protein. The informative finding of the mutagenesis studies is that the replacement of these lateral side chains by alanine resulted in an increase in the relative phosphohydrolysis of the P~10~ analog which harbors a large NHCH~3~ substituent at the C6 position ([Figure 4](#F4){ref-type="fig"}B). The relative hydrolysis of the P~10~ analog (in comparison to ATP) increased from 0.43 for the wild-type enzyme to 1.02, 2.67 and 1.41 for the R202A, Y395A and K399A mutants, respectively ([Figure 4](#F4){ref-type="fig"}B and [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)). The ability of the N417A mutant to hydrolyze the P~10~ analog could not be investigated because the mutation completely abolished the ATPase activity of the enzyme. Overall, the mutagenesis data are consistent with steric hindrance preventing the phosphohydrolysis of the P~10~ analog. Figure 4.Phosphohydrolysis activity of WNV RNA helicase mutants. (**A**) The phosphohydrolase activities of the wild-type enzyme and various mutant NS3 proteins (100 nM) were evaluated in the presence of ATP (100 µM) or GTP (100 µM). (**B--D**) Normalized phosphohydrolysis of the wild-type enzyme and various NS3 mutants in the presence of different ATP analogs (100 µM). (**E--F**) Normalized phosphohydrolysis of the wild-type enzyme and various NS3 mutants in the presence of different GTP analogs (100 µM). Each value represents the average of at least three independent experiments. Error bars represent the SD of the mean values. The asterisks indicate that the levels of hydrolysis were significantly different (*P* \< 0.05) than the hydrolysis of the same substrate by the wild-type enzyme. The respective *P*-values were calculated using Student's unpaired *t*-test.

The addition of a halogen substituent with a large atomic radius at the C8 position of the adenine base (P~15~, 8-bromo ATP) had almost no effect on the phosphohydrolysis activity, most likely reflecting the absence of amino acid of functional importance in the vicinity of the adenine C8 position, and the solvent exposure of the adenine base. Similarly, the addition of an amino group at the C2 position of adenine (P~8~, 2-amino-ATP) had no significant impact on the catalytic activity of the enzyme. In contrast, the addition of a hydroxyl group at the same position (P~9~, 2-hydroxy ATP) resulted in a decrease of the phosphohydrolysis activity ([Table 1](#T1){ref-type="table"}). We speculated that the additional 2-OH group probably makes an unfavorable interaction with an amino acid located in the vicinity of the adenine C2 position. Closer examination of the structural model of the WNV NS3 protein indicates that Lys-419 is the amino acid in closest proximity to the C2 position of adenine ([Figure 1](#F1){ref-type="fig"}C). The importance of the residue was therefore investigated through site-directed mutagenesis. The WNV Lys-419 residue was substituted by alanine, and the mutant polypeptide was expressed and purified in parallel with the wild-type enzyme. Again, the substitution of this residue by alanine elicited a decrease in the ATPase activity of the enzyme, underscoring the importance of the residue in catalysis ([Figure 4](#F4){ref-type="fig"}A, [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1) and [Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)). The informative finding is that the replacement of the lysine lateral side chain by alanine resulted in a small but significant increase in the relative hydrolysis of the 2-OH ATP analog ([Figure 4](#F4){ref-type="fig"}C). The relative hydrolysis (in comparison to ATP) increased from 0.40 for the wild-type enzyme to 0.53 for the K419A mutant ([Figure 4](#F4){ref-type="fig"}C and [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)). Although the exact nature of the interaction between Lys-419 and the additional 2-OH group remains elusive, our mutagenesis study clearly indicates that the presence of this lysine residue impairs the ability of the 2-OH ATP analog to be hydrolyzed efficiently by the enzyme.

The addition of a methyl group to the N1 position of adenine had a negative effect on the phosphohydrolysis activity. The analog harboring such a modification (P~7~, N1-methyl ATP) was hydrolyzed to a lesser extent than ATP by the enzyme ([Table 1](#T1){ref-type="table"}). We reasoned that two factors might be responsible for this reduction in activity. The addition of the methyl group could result in steric hindrance with active site residues, thereby limiting the hydrolysis of the substrate. Alternatively, the alteration of the N1 atom ability to act as hydrogen bond acceptor in the P~7~ analog might be responsible for the observed decreased hydrolysis. Closer examination of the modelized active site of the WNV NS3 protein ([Figure 1](#F1){ref-type="fig"}C) indicates that Lys-419 is again the amino acid in closest proximity to the N1 position of adenine. In order to illuminate the molecular determinants accountable for the lower catalytic usage of the P~7~ analog, we once again relied on the K419A mutant which displayed a significant decrease in the ability of the enzyme to hydrolyze ATP (25.9 pmol/mg for the wild-type enzyme versus 8.5 pmol/mg for the K419A mutant) ([Figure 4](#F4){ref-type="fig"}A, [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1) and [Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)). Our data indicated that the hydrolysis of the N1-methyl ATP analog by the K419A mutant did not result in an increase of the catalytic activity ([Figure 4](#F4){ref-type="fig"}D), thereby revealing that steric hindrance is not a likely factor that contributes to the observed reduction in hydrolysis of the P~7~ analog. Therefore, our structural model coupled with the mutagenesis data suggest that the Lys-419 residue makes an important interaction with the adenine N1 atom, and that the additional presence of a methyl group at this position significantly impairs the ability of the N1-methyl ATP analog to be hydrolyzed efficiently by the enzyme.

It should be noted that the various mutants that were generated throughout this study are only affecting the hydrolysis of analogs that display chemical modifications at the corresponding positions ([Supplementary Figure S3A and B](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)). For instance, the R202A mutation resulted in an increase of the hydrolysis of analogs harboring substitutions at the O6, N7 and C8 positions of the adenine (analogs P~10~, P~29~, P~31~ and P~32~) but the mutation has no effect on the hydrolysis of analogs harboring modifications at other positions such a the C2 of adenine or the 2′OH of the ribose (analogs P~5~, P~8~ and P~9~) ([Supplementary Figure S3A](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)). A similar conclusion is also reached for both the K399A and K419A mutants ([Supplementary Figure S3A and B](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)).

GTP analogs
-----------

Under the standard steady-state conditions used in our assays, GTP was hydrolyzed approximately two times less efficiently than the ATP substrate ([Table 1](#T1){ref-type="table"}), highlighting the discriminating ability of the enzyme between various NTPs. We therefore set out to use a collection of GTP analogs ([Figure 2](#F2){ref-type="fig"}B) to evaluate if the addition and/or modification of specific functional groups could increase the capacity of the enzyme to use these molecules as substrates during the phosphohydrolase reaction.

As reported above, one of the most striking features of the ATP-enzyme complex formation is the importance of the hydrogen bond donor properties of the 6-amino group of adenine. Not surprisingly, GTP which lacks a hydrogen bond donor at that position is not hydrolyzed as efficiently by the WNV NS3 protein. In that regard, P~26--28~ are particularly interesting analogs since they only differ with GTP by the substitution of the 6-oxo moiety by various functional groups ([Figure 2](#F2){ref-type="fig"}B). The importance of the hydrogen bond donor ability at this position is again highlighted by the fact that analog P~26~ (6-thio GTP) which displays a thiol group with hydrogen bond donor properties is hydrolyzed 1.8 times more efficiently by the enzyme than GTP ([Table 1](#T1){ref-type="table"}). In contrast, replacement of the 6-oxo group of GTP by SCH~3~ (P~27~) or OCH~3~ (P~28~), that both lack the capacity to act as hydrogen bond donors, had a negative effect on the hydrolysis of these analogs in comparison to GTP ([Table 1](#T1){ref-type="table"}). The hydrolysis of the 6-methyl-thio GTP (P~27~) and O6-methyl GTP analog (P~28~) were reduced by 18 and 65%, respectively. These results highlighted the importance of the hydrogen bond donor properties at the C6 position. However, the results also raised the possibility that the addition of the bulkier methyl group at position 6 weakens the ability of the substrate to be hydrolyzed by the WNV NS3 protein. To investigate that possibility, we took advantage of the R202A, Y395A and K399A mutants since the side chains of these residues are in the vicinity of the C6 position, and they can potentially interfere with the larger substituent displayed by the P~27~ analog. The replacement of Arg-202, Tyr-395 and Lys-399 by alanine did not result in an increased ability of these mutants to hydrolyze the P~27~ analog ([Figure 4](#F4){ref-type="fig"}E), thereby indicating that steric hindrance is not a factor that contributes to the reduced hydrolysis of the P~27~ analog.

One of the most striking effect on the GTPase activity was obtained upon methylation of the N7 atom of the guanine ring (P~29~, 7-methyl GTP). This modification significantly impaired the ability of the enzyme to use GTP as a substrate which resulted in a decrease of 71% ([Table 1](#T1){ref-type="table"}) of the hydrolysis activity (relative to GTP). We therefore hypothesized that the nitrogen atom is involved in a critical hydrogen bond interaction with an amino-acid side chain that can act as a hydrogen bond donor. Alternatively, the addition of the methyl group could also result in steric hindrance. Analysis of the structural model of the WNV NS3 protein active site revealed that the N7 atom of the adenine base is in close proximity to the η^1^-amino group of Arg-202 ([Figure 1](#F1){ref-type="fig"}B and C). However, closer inspection of the model also reveals that the N7 atom appears to make a rather weak interaction with Asn-417. The importance of these two residues in the WNV NS3 protein was again investigated through site-directed mutagenesis. As we reported above for the ATPase activity, substitution of the Arg-202 and Asn-417 residues by alanine also elicited a severe decrease in the GTPase reaction catalyzed by the enzyme, thereby highlighting the importance of these residues for the NTPase activity ([Figure 4](#F4){ref-type="fig"}A and [Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)). In fact, substitution of the Asn-417 residue by alanine completely abolished the GTPase activity of the enzyme. The replacement of the Arg-202 by alanine resulted in a significant increase in the phosphohydrolysis of the 7-methyl GTP (P~29~) ([Figure 4](#F4){ref-type="fig"}F). The relative hydrolysis (in comparison to GTP) increased from 0.29 for the wild-type enzyme to 0.75 for the R202A mutant ([Figure 4](#F4){ref-type="fig"}F and [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)), thereby underscoring the fact that steric hindrance most likely prevents the binding/catalysis of the P~29~ analog. The mutagenesis data are consistent with a role of the N7 atom of the purine ring in substrate recognition by the WNV NS3 protein.

Overall, the phosphohydrolysis assays performed with both ATP and GTP analogs allowed us to identify the important structural and functional features for the interaction of the enzyme with the NTP substrate. It should be noted that similar conclusions on the importance of specific functional groups were reached when the phosphohydrolysis assays were performed in the presence of single-stranded RNA, a known stimulator of the NTPase activity of the flavivirus NS3 protein ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)).

Effects of mutations on the ATP/GTP specificity
-----------------------------------------------

In order to better understand the nucleotide binding activity of the WNV helicase, we set out to identify specific amino-acid residues that might be responsible for this discrimination between ATP and GTP by relying on structural information obtained from other nucleic-acid-dependent NTP phosphohydrolases. For instance, the adenine nucleotide-bound crystal structures of UvrB, UvrD and Hera have shown that the glutamine residue of Q-motif, usually located 21 amino acids upstream of the motif I, makes bidentate hydrogen contacts with the adenine N6 and N7 atoms ([@B33],[@B43; @B44; @B45; @B46]). It has been suggested that this glutamine residue might enforce specificity for adenine nucleotides ([@B46]). In fact, recent structure/function studies of the mycobacterial UvrD1 helicase clearly demonstrated a role for this particular amino-acid residue in dictating substrate specificity ([@B47]).

In contrast to many DEAD/H box helicases, the RNA helicases of the *Flaviviridae* do not harbor the classical Q-motif. In the case of the WNV NS3 protein, a single glutamine residue (Gln-188) is found in this region. Its position (11 amino acids upstream of the glycine of motif I) makes it an unlikely candidate to play an identical role as the conserved glutamine found in the Q-motif. We therefore monitored the effects of single alanine mutations at 11 positions located upstream of motif I (indicated by arrows in [Figure 5](#F5){ref-type="fig"}). The mutant polypeptides were expressed and purified in parallel with the wild-type protein ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)), and the NTPase activities of the mutants were assessed and compared with the wild-type enzyme. [Table 3](#T3){ref-type="table"} reports the kinetic parameters of both ATP and GTP hydrolysis for each mutant under steady-state conditions. Substitution of the Gln-188 residue by alanine resulted in a 4.6-fold decrease of the affinity of the enzyme for ATP, as evidenced from the higher *K*~m~ value ([Table 3](#T3){ref-type="table"}). Similarly, the substitution of Lys-187 by alanine also resulted in a significantly lower affinity of the mutant enzymes for ATP. Surprisingly, the replacement of Arg-185 by alanine completely abrogated the ATPase activity of the enzyme, thereby highlighting the critical importance of this residue for the ATPase reaction. The importance of the amino acids located upstream of motif I is also highlighted by the effects of Ala-substitutions on the other residues of that region. Replacement of Glu-169, Arg-170, Asp-172, Glu-173, Phe-179, Glu-180, Glu-182 and Lys-186 by alanine resulted in a decrease in the rate of the ATP hydrolysis, as evidenced both from the *V*~max~ and *k*~cat~ values ([Table 3](#T3){ref-type="table"}). Overall, the entire region located upstream of motif I appears important for the regulation of the catalytic activity as reflected by the decrease in the *k*~cat~/*K*~M~ constants of the mutants. It should be noted that the decreased phosphohydrolytic activities of the mutants are not the result of protein misfolding, as evidenced from circular dichroism assays showing that the mutant polypeptides are correctly folded ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)). Moreover, the mutants that are severely affected in their phosphohydrolase activity retain other functions. For instance, we evaluated the ability of three highly deficient mutants (R185A, R202A and N417A) to bind an RNA substrate using fluorescence spectroscopy. Our binding assays demonstrated that both the R185A and N417A mutants bind RNA with a similar affinity than the wild-type enzyme (as judged by the *K*~d~ values), while the R202A has a 5-fold decrease in its affinity for the RNA substrate ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)). Figure 5.Sequence alignment of the *Flaviviridae* RNA helicases. An amino acid alignment of the RNA helicases from WNV, JEV, DENV, YFV, Powassan virus (PV) and HCV is presented. The conserved helicase motifs are shown in grey. Arrows (inverted filled triangle) indicate amino acids that were targeted for mutagenesis in the nucleotide specificity region. Asterisks represent amino acids that are located in the vicinity of the ATP hydrolysis site, and that were targeted for mutagenesis. The numbers above the alignment indicate the amino acid boundaries of the WNV NS3 protein. The conserved sequence motifs found in the flaviviral helicases are also shown under the aligned sequences. Table 2.Key interactions between the active site residues of the WNV NS3 protein and ATP as predicted by the structural homology modelATP (atom)Amino acidDistance from ATP (Å)N6Arg202 (η^1^)5.9N7Arg202 (η^1^)3.1C8Arg202 (η^1^)2.2N6Tyr3957.4N6Lys3998.0N6Asn4176.0N7Asn4173.9C8Asn4173.3N1Lys4195.2C2Lys4195.3β-PO~4~Lys200 (main chain amide)3.1β-PO~4~Lys200 (main chain amide)2.8γ-PO~4~Lys200 (main chain amide)2.6β-PO~4~Thr2013.0α-PO~4~Arg202 (main chain amide)2.8γ-PO~4~Glu286 (O′)3.3γ-PO~4~Glu286 (O′′)3.13′OHAsn3303.4γ-PO~4~Arg4612.93′OHArg464 (main chain carbonyl)2.7γ-PO~4~Arg464 (η^1^)2.8γ-PO~4~Arg464 (η^2^)3.2 Table 3.Characterization of the NS3 mutants located in the nucleotide specificity region found upstream of motif IProteinSubstrate*K*~M~ (µM)*V*~max~ (pmol min^−1^)*k*~cat~ (min^−1^)*k*~cat~/*K*~M~ (µM^−1^ min^−1^)Discrimination (*k*~cat~/*K*~M~)~ATP~/(*k*~cat~/*K*~M~)~GTP~Relative ATP/GTP discriminationNS3 WTATP1407001801.292.721.00GTP3506501650.47NS3 E169AATP220295750.341.030.38GTP3404401100.33NS3 R170AATP200241600.310.840.31GTP2704001000.37NS3 D172AATP180133350.191.110.41GTP330220550.17NS3 E173AATP200210550.270.470.17GTP110250650.58NS3 F179AATP180273700.390.530.19GTP90220650.73NS3 E180AATP240257650.280.960.35GTP270750800.29NS3 E182AATP2707902000.750.810.29GTP2308402150.93NS3 R185AATPInactiveGTPNS3 K186AATP3906301600.410.400.15GTP1004001001.02NS3 K187AATP9405021300.140.210.08GTP90240600.68NS3 Q188AATP6407902000.320.910.33GTP2904001000.35[^3]

We next sought to investigate whether these residues located upstream of motif I could be responsible for preferential binding of ATP over GTP. The kinetic parameters for the hydrolysis of both ATP and GTP under steady-state conditions are presented in [Table 3](#T3){ref-type="table"}. The nucleotide discrimination is defined by the ratio (*k*~cat~/*K*~M~)~ATP~/(*k*~cat~/*K*~M~)~GTP~. Interestingly, the substitutions of the targeted amino acids located upstream of motif I by alanine resulted in a significant loss of discrimination between GTP and ATP. In fact, the E173A, F179A, K186A and K187A mutants hydrolyzed GTP much more efficiently than the ATP substrate, as evidenced from the *k*~cat~/*K*~M~ constants ([Table 3](#T3){ref-type="table"}). These results provide a clear evidence for a regulatory role for the region located upstream of motif I as a substrate specificity filter.

Since the mutants located upstream of motif I affect the discrimination between ATP and GTP, we monitored the ability of two of these mutants (E173A and K187A) to hydrolyze specific nucleotide analogs. We therefore selected GTP analogs (P~11~, P~23~ and P~24~) harboring substitutions at positions that were shown to affect the binding of nucleotides (N6, C1 and C2) and compared their hydrolysis with the levels obtained in the presence of ATP ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)). Our results clearly demonstrate that the substitution of Glu-173 or Lys-187 by alanine results in an increase in the hydrolysis of these GTP analogs ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkq276/DC1)). This further demonstrates the role for the region located upstream of motif I as a substrate specificity filter.

DISCUSSION
==========

Our study illustrates the important structural and functional features for the interaction of ATP with the WNV NS3 protein. More importantly, it provides a molecular rationale for the preference of the enzyme for the ATP substrate in the following respects: (i) by highlighting the specific functional groups on the nucleotide substrate that are important for binding/catalysis; (ii) by demonstrating the importance of specific amino acids located outside of the conserved helicase domains for the ATPase activity; and (iii) by providing a role for the region located upstream of motif I as a key determinant for the ATP/GTP discrimination.

The combination of nucleotide analogs, site-directed mutagenesis and the use of a structural model exposed the important structural and functional features for the interaction of the flaviviral helicase with ATP. The use of nucleotide analogs highlighted both the complexity and flexibility of the flaviviral ATPase active site. An informative finding was that every ATP analog tested had the ability to inhibit the ATPase reaction and to be used as a substrate, albeit to different extents, thus underscoring the high structural flexibility of the active site. A previous study monitoring the effects of four ATP analogs (with modified bases) on the unwinding activity of the HCV RNA helicase reported that NTPs lacking hydrogen at position N1 of the purine ring supported faster unwinding than NTPs harboring a protonated N1 group ([@B34]). The authors concluded that the single greatest factor affecting the rates of unwinding fuelled by NTPs was the hydrogen-bond acceptor/donor properties of the N1 nitrogen ([@B34]). In light of the current study, the interaction between the WNV NS3 protein and ATP appears more complex than initially anticipated. The use of a large collection of ATP and GTP analogs allowed us to demonstrate the critical importance of the hydrogen bond donor properties at the C6 position of the nucleotide substrate. The importance of this chemical property is reflected by the fact that the only GTP analog that was hydrolyzed very efficiently by the enzyme was 6-thio-GTP (P~26~), the single GTP analog displaying hydrogen-bond donor capacities at the C6 position. Interestingly, a previous bioinformatic analysis of the Protein Data Bank performed on enzymes that interact with ATP or GTP ([@B48]) revealed that the ligand atoms most commonly involved in recognition are the hydrogen bond donors (N6 in ATP) rather than the acceptors (N1, N3 and N7 in ATP). In accordance with the observations, the importance of the N6 atom of ATP for molecular recognition was clearly demonstrated in the present study of the WNV RNA helicase. The use of nucleotide analogs also allowed us to demonstrate that the presence of a functional group which can display hydrogen bond acceptor properties is important at the N1 position of adenine.

The library of nucleotide analogs used in the current study did not allow us to unambiguously demonstrate the precise molecular contribution of the N7 atom to the binding of the purine analog. This atom has the same hydrogen-bond donor abilities in both ATP and GTP, yet the enzyme has a clear bias towards the ATP substrate. However, the mutagenesis data are undoubtedly consistent with a role of the N7 atom in substrate recognition by the WNV NS3 protein. The fact that the substitution of the two amino acids located in the vicinity of the N7 atom (Arg-202 and Asn-417) elicited a severe decrease in both the ATPase and GTPase activities strongly suggests that the residues are hydrogen-bonding to the N7 atom of both purines. We therefore hypothesize that the presence of a functional group which can display hydrogen-bond acceptor properties at the N7 position of the purine substrate is important for binding.

Although the current study largely focused on the importance of specific molecular determinants of the purine rings required for efficient binding/catalysis, some of the analogs contained modifications on the ribose moiety of the nucleotide substrate. Based both on the structural model that we generated and on the available crystal structures of other flaviviral RNA helicases bound to ATP (or ATP analogs), a limited number of interactions appear to occur between the enzymes and the 2′-OH and 3′-OH groups of ATP. Not surprisingly, ATP analogs harboring various modifications/substitutions on the ribose moieties were hydrolyzed by the WNV NS3 protein, albeit with a lower catalytic efficiency ([Table 1](#T1){ref-type="table"}). The removal of either 2′- or 3′-hydroxyl group or both (P~2~, P~3~ and P~6~) lowered the relative hydrolysis of these substrates by respectively 47, 38 and 40%. Although these data indicate that the ribose moiety of ATP is important for optimal recognition/hydrolysis of the purine nucleotide, the enzyme makes sufficient additional contacts with the ATP substrate to promote efficient catalysis. The interaction between the complete ATP molecule and the enzyme is clearly supported by an intricate network of hydrogen bonds and electrostatic interactions, which explains the ability of the enzyme to hydrolyze numerous analogs that lack key functional groups.

By performing a mutational analysis of 16 different residues of the WNV NS3 protein, we have identified three new amino acids that are essential for the ATPase activity. Interestingly, these three essential residues (Arg-185, Arg-202 and Asn-417) are highly conserved in all the flaviviruses (WNV, yellow fever virus, DENV), but are divergent in hepacivirus (HCV) ([Figure 5](#F5){ref-type="fig"}). Based on the structural model of the WNV RNA helicase, both Arg-202 and Asn-417 appear to be making multiple contacts with the adenine base. However, the precise role of the Arg-185 residue in catalysis remains unsolved at the moment since it is removed from the ATP substrate in the structural model. Similarly, the structural model provides no immediate explanation for the precise role of the nucleotide specificity region (amino acids 169--188) located upstream of motif I since the majority of this region is absent from the DENV NS3 crystal structure that was used to generate the model for the interaction between the WNV NS3 protein and ATP. We speculate that two plausible scenarios could explain how these residues influence the activity of the enzyme: (i) an indirect effect whereby they interact with other amino acids that are involved in catalysis, or (ii) a direct effect by which they interact with the ATP substrate following a conformational change. Because of their close proximity to motif I, the residues responsible for the ATP/GTP discrimination might contact amino acids that directly interact with the ATP substrate. Closer examination of the crystal structures of other helicases suggest that the corresponding region is in close proximity to motif I. For instance, in eIF4A two residues of the Q-motif form hydrogen bonds with the threonine and glycine residues of motif I ([@B33]). The second scenario by which residues located upstream of motif I could influence the activity of the enzyme is through a modification of the protein structure during catalysis. In this context, the residues located upstream of motif I could come into contact with ATP following a conformational change. Interestingly, biochemical evidences for a conformational change that occurs upon nucleotide binding have been observed for the related HCV NS3 protein ([@B34]). This conformational switch would allow the enzyme to act like a molecular motor on the double-stranded RNA in order to unwind the RNA duplex ([@B34]). Clearly future studies will aim at identifying the precise molecular mechanism by which the nucleotide specificity region modulates the phosphohydrolase activity of helicases.

The region located upstream of motif I plays a role not only in regulating the activity of the enzyme, but also in dictating phosphohydrolase substrate specificity. Our study provides clear evidence for a gain-of-function of the E173A, F179A, K186A and K187A mutants which hydrolyzed GTP much more efficiently than the ATP substrate. Thus, the residues of this region clearly play a functional role in nucleotide discrimination. This is reminiscent of the situation observed for the Mycobacterium uvrD1 DNA helicase in which a specific glutamine (Gln-24) of the Q-motif is responsible for the specificity of the enzyme for ATP ([@B47]). However, two differences appear to distinguish the WNV NS3 protein from the Mycobacterium enzyme. First, the sequence of nucleotide specificity region of the WNV NS3 protein is divergent from the classical Q-motif. Second, the loss of the glutamine residue in the Mycobacterium enzyme reduces ATP affinity only modestly ([@B47]). In the case of the WNV NS3 protein, mutations in the nucleotide specificity region invariably result in a decrease of phosphohydrolysis. A rationale to explain the precise mechanism by which the residues of the nucleotide specificity region exert their effects will ultimately hinge on obtaining crystal structures of the enzyme bound to its nucleotide substrate at discrete functional states along the reaction pathway. In spite of these differences, we propose that the region located upstream of motif I of the WNV NS3 protein is a nucleotide specificity region that plays a functional role in nucleotide discrimination which is reminiscent of the role exerted by the Q-motif found in other helicases.

The current study did not allow us to distinguish between binding and hydrolysis events that are occurring during the phosphohydrolysis reaction. Preliminary assays using various techniques such as fluorescence spectroscopy indicated that metal ions are crucial for the nucleotide-binding activity of the WNV NS3 enzyme (data not shown). The addition of the metal ions to the binding reaction therefore results in the hydrolysis of nucleotides or nucleotide analogs. The use of non-hydrolyzable nucleotide analogs, which are not currently available, could eventually allow us to distinguish between binding and hydrolysis in order to evaluate the molecular determinants involved in both events.

Although ﬂaviviruses are medically relevant, no antiviral therapy is currently available for the clinical treatment of these pathogens. Because of its importance in the replication of the virus, the WNV NS3 protein is an attractive target for the future development of inhibitors targeting the virus. Some of the analogs identified in the current study appear as good starting blocks for the design of more specific inhibitors. For instance, 2′,3′ ddGTP (P~16~), which bound very tightly to the enzyme active site but was not efficiently hydrolyzed, would be a good candidate to generate novel compounds that could display anti-WNV properties. The potential of nucleotide analogs to inhibit WNV replication is highlighted by previous studies that demonstrated that the broad-spectrum antiviral ribavirin triphosphate, a GTP analog, has inhibitory activity against WNV in cell culture ([@B49]). Recent evidences suggest that the antiviral may interfere with the capping of the viral mRNAs, inhibit the viral polymerase and induce transition mutations in the viral genome via ambiguous base-pairing during replication ([@B50]). Both structural and functional studies are clearly beginning to reveal new insights that should eventually lead to the design of effective anti-flaviviral drugs to ultimately cure infected patients.
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[^1]: The inhibition and phosphohydrolysis assays were performed a minimum of three times separately. Results are shown as the means of these independent experiments.

[^2]: ^a^The phosphohydrolysis specific activities were calculated from the slopes of the titration curves and normalized to the specific activity for the hydrolysis of ATP.

[^3]: The phosphohydrolysis assays were performed a minimum of three times separately. Results are shown as the means of these independent experiments.
